Clinicopathological correlations from human cases and experimental animal studies suggest that neutrophils are critical components of the host response to mucormycosis but that other cellular defense mechanisms appear to be important as well. Since our previous studies demonstrated that Rhizoplus olyzae hyphae which are too large to be ingested completely can be damaged and probably killed by human neutrophils, we studied the antihyphal activity of human monocytes. As with neutrophils, light and electron microscopic studies indicated that monocytes attached to hyphae and appeared to destroy them in the absence of serum. As judged by our previously described assay for the leukocyte-induced inhibition of [14C]uracil uptake by hyphae, quantitative damage to hyphae by monocytes was 40.8 ± 2.2% in 54 experiments. Neither attachment to nor damage of hyphae by monocytes was augmented by the presence of 10% human serum. As with neutrophils, monocyte-mediated damage of R. orvzae was significantly decreased by some inhibitors of oxidative metabolism and scavengers of the potentially microbicidal oxidative leukocyte products, which included 10-4 M sodium azide, 10-3 M sodium cyanide, catalase, 10-3 M histidine, 10-3 M tryptophan, and 10-4 M 1,4-diazobicyclo[2.2.2]octane but not superoxide dismutase, 1.4 x 10-2 M dimethyl sulfoxide, and 4.0 x 10-1 M mannitol. Moreover, monocytes from three patients with chronic granulomatous disease failed to damage hyphae at all. In contrast to our previous data for neutrophils, polyanions (10-5 M polyaspartic or polyglutamic acid) did not inhibit monocyte-mediated hyphal damage. Thus, monocytes can damage and probably kill R. orvlzae hyphae by oxidative mechanisms and so may be involved in host defense mechanisms against mucormycosis.
Rhizopus oryzae, the commonest cause of mucormycosis, when injected into normal rabbits, provokes a response that is initially neutrophilic and then granulomatous before being cleared; however, this cellular response is blunted and infections progress in animals made ketoacidotic and diabetic (2, 3, 22) . In this experimental model, nitrogen mustard-induced granulocytopenia is associated with extensive early lesions of mucormycosis, but infected animals develop a granulomatous response and infections recede after 72 h (4). Thus, neutrophils appear to be an important component of host defense mechanisms against mucormycosis, but other cellular factors are likely to contribute to the host response. Since we have demonstrated that human neutrophils can damage and probably kill hyphae of R. oryzae (6) , we studied the interactions between these hyphae and human monocytes.
MATERIALS AND METHODS
Organisms. An isolate of R. oryzale originally obtained from a patient with mucormycosis was maintained on Emmons modified Sabouraud agar for spore harvesting (6) . After filtration through cheesecloth, each sample (105 spores) was placed into a series of 15-ml centrifuge tubes (Corning Glass Works, Corning, N.Y.) containing Sabouraud broth, and the tubes were incubated at 37°C for 5 to 6 h until -90 to 95% of the spores had germinated to . 30 [Lm in length. The samples were then stored overnight at 4°C before use (6) .
Monocytes. Mixed mononuclear cells (18 to 42% monocytes with <1.0% neutrophils, 98.5 to 100% viable) were separated from heparinized human peripheral blood on a Ficoll-Hypaque gradient (5) . In selected experiments, monocytes were depleted from preparations by passage through nylon fiber columns (8) or by successive passages through three sets of plastic tissue culture dishes. Children with typical, sex-linked, chronic granulomatous disease were identified, and blood was kindly supplied by Harvey Cohen (Children's Hospital, Boston, Mass.). For selected studies, autologous sera were obtained from normal volunteer subjects at the same time as were monocytes.
When necessary, subcellular fractions of monocytes were separated from disrupted monocytes by centrifugation on 0.34 M sucrose gradients as previously (5) and incubated with hyphae in place of means for groups of data were compared by the two-:t monocytes.
sample, two-tailed Student t test or the paired-sample isessment of hyphal damage. Damage to hyphae Student t test when appropriate (21) . was quantitated as in previous studies (6 (6) .
In some experiments, inhibitors of monocyte function were added during or 20 min before incubations RESULTS Metabolic assays for damage to hyphae by monocytes. Normal human monocytes attached to and damaged R. oryzae hyphae, as judged by light microscopy combined with quantitative assays of monocyte-induced reduction in [ 14CIura-cil uptake by the hyphae (Fig. 1) . Addition of 10% autologous serum to the incubation mixtures did not affect results, regardless of whether the sera used were fresh, heated at 56°C for 30 min, or positive for antibodies to R. oryvzae detectable by immunodiffusion. Hyphal damage was attributable to monocytes: the numbers of contaminating neutrophils were judged to be insufficient to account for hyphal damage, based upon our previous results (6) , and the remaining lymphocytes, depleted of monocytes (by adherence to nylon wool or plastic dishes), did not damage R. oi-vzae hyphae at all. The observed range of hyphal damage was consistent with the results of our previous studies of leukocytemediated damage to this and other fungi (5, 6). As in our prior studies, comparable results were obtained with radiolabeled compounds other than uracil, including amino acids, glucose, and mannose, and the hyphal damage was not reversible, as judged by repeat incubations of hyphae with radiolabeled substances.
In contrast to neutrophils or monocytes from normal volunteer subjects, neither neutrophils nor monocytes from patients with hereditary chronic granulomatous disease damaged hyphae significantly (Fig. 1) . In this disease, phagocytosis is unimpaired, but the postphagocytic burst in oxygen consumption by neutrophils and monocytes fails to occur, so that normal amounts of potentially microbicidal products, including hydrogen peroxide, superoxide anion, and perhaps other oxidative intermediates, are not produced (1) . Thus, these results suggest the central importance of oxidative mechanisms in the R. oryzae hyphal damage caused by monocytes. Known inhibitors of potentially microbicidal mechanisms were then used to further assess the relative roles of oxidative and nonoxidative processes in hyphal damage. Inhibitors were used in concentrations which impaired neither viability nor oxygen consumption by monocytes, as in our previous studies (5) . Likewise, concentrations of inhibitors which affected hyphal growth were eliminated, so that some potential inhibitors (e.g., sodium benzoate) could not be used at all, and not all substances could be tested at optimum inhibitory concentrations. Sodium azide and sodium cyanide inhibited damage to hyphae by monocytes (Table 1) in concentrations shown by Klebanoff to primarily affect myeloperoxidase activity (13) . The omission of halide or the addition of catalase similarly inhibited hyphal damage, but the addition of superoxide dismutase did not. Three antagonists of hypochlorous acid and quenchers of singlet oxygen, DABCO, histidine, and tryptophan (9-11, 18, 23, 24) , all inhibited damage to Rhizopus hyphae. However, the putative scavengers of hydroxyl radicals, dimethyl sulfoxide and mannitol (20) , had only minimal, insignificant effects on the damage to hyphae, although testing of these compounds in higher, potentially more effective concentrations was precluded by their effects on hyphal or leukocytic metabolism. Hydroxyl radicals, even if not fungicidal themselves, still might enhance the activity of other potentially microbicidal mechanisms. However, it proved impractical to use inhibitors to study this possibility, as combinations of potentially effective concentrations of these agents also adversely affected fungal or monocyte metabolism of control samples. In contrast to our previous results for quantitative damage of Rhizopus hyphae by neutrophils (6), polyanions (polyaspartic or polyglutamic acid) did not inhibit monocyte-mediated hyphal damage (Table 1) . In fact, fractions separated from disrupted monocytes did not damage R. oryzae hyphae. Damage to hyphae occurred only when granulerich fractions (but not the cytoplasmic or nuclear fraction) were supplemented with iodide, chloride, or hydrogen peroxide in a concentration which did not damage hyphae by themselves.
Electron microscopy. Samples taken 1 min after monocytes were added to hyphae revealed normal hyphal and monocyte morphologies, without attachment of monocytes to hyphae. After 20 to 30 min of incubation, monocytes (but not lymphocytes or neutrophils) were attached to and spread over hyphal surfaces without completely engulfing the hyphae, and fungal morphology remained intact ( Fig. 2A) . However, by 1 h of incubation, most of the fungi surrounded by monocytes appeared to have been destroyed, with severely disrupted internal morphology (Fig. 2B) , supporting the validity of the metabolic measurements of apparent hyphal damage detailed above. DISCUSSION These experiments established that human peripheral blood monocytes could damage and apparently kill R. oryzae hyphae by a serumindependent mechanism, even though the hyphae were too large to be ingested completely. Monocytes were dependent on the activity of 
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-wof' Results with inhibitors of leukocyte function and normal monocytes were almost identical to the data from our previous studies of the damage to Rhizopus hyphae by neutrophils (6) and to Candida hyphae by monocytes (5) . Inhibition by azide, cyanide, catalase, and halide-free conditions supports the importance of the myeloperoxidase-peroxide-halide system in the damage to Rhizopus hyphae by normal monocytes. However, myeloperoxidase deficiency may unmask alternative oxidative (or perhaps nonoxidative) antifungal mechanisms (5). Moreover, granuleassociated myeloperoxidase is lost during the differentiation of monocytes into macrophages (15), a fact which emphasizes the potential importance of oxidative microbicidal products capable to activity independent of the myeloperoxidase system. These oxidative products may include superoxide anion, hydrogen peroxide (1, 7, 12, 15) , singlet oxygen, and hydroxyl radicals (1, 9, 10, 24, 25) . The singlet oxygen quenchers histidine, tryptophan, and DABCO inhibited the damage to Rhizopus hyphae, but these compounds also antagonize the effects of hypochlorous acid, a likely product of the myeloperoxidase system (9, 10, 24) . Although neither dimethyl sulfoxide nor mannitol, putative scavengers of hydroxyl radicals (5, 20) , damaged Rhizopus hyphae, studies of potentially more effective concentrations of these substances either alone or in combination with other inhibitors were prevented by nonspecific effects on leukocyte and fungal metabolism.
Leukocyte cationic proteins and other granule-associated substances have known antifungal properties (14, 16, 19) and may also enhance the activity of oxidative mechanisms (17) . However, polyanions did not inhibit monocyte-mediated damage to Rhizopus hyphae, in contrast to our previous results for neutrophil-mediated damage to these fungi (6) . Partially purified fractions of monocytes rich in lysosomal granules similarly had no effect on hyphal viability unless hydrogen peroxide and halides were added to supplement granule-associated myeloperoxidase. Therefore, nonoxidative mechanisms, including granule-associated cationic proteins, did not appear to be involved in the damage of Rhizopus hyphae by monocytes.
Since monocytes can damage the tissue-invading forms of Rhizopus, they have the potential for supplementing (2, 3, 22) or substituting for (4) the neutrophilic response in host defenses against mucormycosis in vivo. Because monocyte-mediated Rhizopus damage appears to depend so completely upon oxidative mechanisms, antihyphal activity may prove to be particularly sensitive to local conditions in host tissues, such as anaerobiosis induced by necrosis or metabolic abnormalities affecting cellular oxidative metabolism.
